The National Institutes of Health Toolbox Cognition Battery (NIHTB-CB) measures reading, vocabulary, episodic memory, working memory, executive functioning, and processing speed. While previous research has validated the factor structure in healthy adults, the factor structure has not been examined in adults with neurological impairments. Thus, this study evaluated the NIHTB-CB factor structure in individuals with acquired brain injury. Method: A sample of 392 individuals (ages 18 -84) with acquired brain injury (n ϭ 182 TBI, n ϭ 210 stroke) completed the NIHTB-CB along with neuropsychological tests as part of a larger, multisite research project. Results: Confirmatory factor analyses supported a 5-factor solution that included reading, vocabulary, episodic memory, working memory, and processing speed/executive functioning. This structure generally held in TBI and stroke subsamples as well as in subsamples of those with severe TBI and stroke injuries. Conclusions: The factor structure of the NIHTB-CB is similar in adults with acquired brain injury to adults from the general population. We discuss the implications of these findings for clinical practice and clinical research.
Introduction
The National Institutes of Health Toolbox of Neurological and Behavioral Functioning (NIHTB) is a standardized set of measures of cognition, emotion, motor, and sensory function. As a common data element, it was developed to provide a common measurement framework to facilitate the synthesis of results across studies (Gershon et al., 2010; Gershon, Wagster et al., 2013) . The NIHTBCognition Battery (NIHTB-CB) was designed for use with individuals 3 to 85 years of age and takes less than 30 min to administer. Developers obtained iterative feedback from research scientists and clinicians . Previous investigations have supported the validity of the NIHTB-CB measures of episodic memory Dikmen et al., 2014) , working memory (Tulsky et al., 2013 , reading Gershon, Slotkin et al., 2013) , vocabulary Gershon, Slotkin et al., 2013) , inhibitory control (Zelazo et al., 2014 , Zelazo et al., 2013 , cognitive flexibility (Zelazo et al., 2014 , Zelazo et al., 2013 , and processing speed . The NIHTB-CB produces T scores for each measure as well as three composite T scores-crystallized cognition, fluid cognition, and overall cognition (Akshoomoff et al., 2013; Heaton et al., 2014) . These scores can be adjusted for age, sex, education, and race/ ethnicity (Casaletto et al., 2015) .
Validity is not a property of a test itself, but rather how test scores are to be interpreted. For this reason, interpretation of scores must be validated for the populations with which they will be used. Test interpretation depends on relationships between manifest and latent variables, and exploratory and confirmatory factor analyses help elucidate these relationships. Confirmatory factor analysis (CFA) is useful when there are theoretical or empirical reasons to expect a factor structure, or one wants to evaluate competing factor models (Stevens, 1996) . CFA is used to evaluate a priori hypotheses regarding the relationships between measured variables (test scores) and latent variables (domains of functioning), and is often used to support the interpretation of scores from a battery of cognitive tests (Benson, Hulac, & Kranzler, 2010; Bowden, Carstairs, & Shores, 1999; Holdnack, Xiaobin Zhou, Larrabee, Millis, & Salthouse, 2011; Tulsky & Price, 2003; Ward, Bergman, & Hebert, 2012; Weiss, Keith, Zhu, & Chen, 2013a , 2013b . "Goodness-of-fit" statistical criteria allow comparison of competing models (Tulsky & Price, 2003) and provide evidence of convergent and discriminant validity .
The factor structure of a cognitive test battery may vary because of demographic or clinical factors; thus, interpretation of battery scores requires knowledge of the factor structure in the population for which it was developed. Robust factor structures that are consistent across demographic and clinical groups are said to be "invariant;" CFA can help establish variance or invariance across samples (Benson et al., 2010; Bowden, Lissner, McCarthy, Weiss, & Holdnack, 2007; Bowden, Saklofske, & Weiss, 2011; Niileksela, Reynolds, & Kaufman, 2013; Taub, McGrew, & Witta, 2004; Tulsky & Price, 2003) . For example, CFA has been used to evaluate the stability of factor structures in samples of individuals with traumatic brain injury (TBI; van der Heijden & Donders, 2003) , schizophrenia (Dickinson, Iannone, & Gold, 2002) , substance abuse (Bowde et al., 2001) , and heterogeneous clinical samples (Bodin, Pardini, Burns, & Stevens, 2009; Bowden, Weiss, Holdnack, Bardenhagen, & Cook, 2008; Weiss et al., 2013a Weiss et al., , 2013b .
Two reports have described the factor structure of the NIHTB-CB. The first evaluated the convergent and discriminant validity of the cognitive tests in typically developing children ages 3-15 . The authors analyzed the factor structure of the NIHTB-CB along with other established neuropsychological tests that presumably measure the same constructs as the NIHTB-CB. The results supported a five-factor model of cognitive function consisting of vocabulary, reading, episodic memory, working memory, and executive/processing speed factors for ages 8 -15 years, and a three-factor model for ages 3-7 consisting of vocabulary, reading, and fluid abilities . These results support the construct validity of the NIHTB-CB in children without identified health problems. Each NIHTB-CB test measured the constructs they were intended to measure although the executive functioning tests were highly related to processing speed.
The second NIHTB-CB factor analysis study used a sample of healthy adults from the general population, 20 -85 years of age. Participants completed a battery of neuropsychological tests that presumably measured the same constructs as the NIHTB-CB . The results supported a five-factor model that included reading, vocabulary, episodic memory, working memory, and processing speed/executive functioning . A six-factor solution that differentiated processing speed and executive functioning was not supported by fit statistics.
To our knowledge, no study has reported the factor structure of NIHTB-CB in clinical populations. This report is published with others that evaluate the use of the NIHTB-CB in individuals with traumatic brain injury (TBI), stroke, and spinal cord injury Cohen et al., 2017; Tulsky & Heineman, 2017) . Validation in populations with acquired brain injury, specifically TBI and stroke, is important because these are common neurological conditions that can result in cognitive impairment. This investigation has three aims: (a) to describe the latent variables underlying the NIHTB-CB by performing a CFA that includes the NIHTB-CB and more established neuropsychological tests, (b) to examine the factor structure and validate the test battery in adults with acquired brain injury, and (c) evaluate the effects of injury type and severity on factor structure.
Method Participants
Individuals with acquired brain injury from TBI or stroke were recruited for a multisite study that we described previously Tulsky & Heineman, 2017) . They were recruited through registries at the Shirley Ryan AbilityLab (formerly the Rehabilitation Institute of Chicago), Washington University School of Medicine, and the University of Michigan. We characterized the severity of the TBI [MASKED] or stroke [MASKED] by reviewing medical records.
Two-hundred and 10 participants sustained a stroke. Based on the Modified Rankin Scale classification (van Swieten, Koudstaal, Visser, Schouten, & van Gijn, 1988) , 60 (29%) of the participants had mild strokes (scores of 1-2), 57 (27%) had moderate strokes This document is copyrighted by the American Psychological Association or one of its allied publishers.
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(scores of 3), and 93 (44%) had severe strokes (scores of 4). Fifty-seven (27%) had a hemorrhagic stroke and 153 (73%) had an ischemic stroke. A total of 173 (84%) experienced paresis due to stroke, 81 (47%) on the right side, 83 (48%) on the left side, and nine (5%) on both sides. Thirty-three (16%) participants did not experience weakness. TBI severity was characterized by the Glasgow Coma Scale (GCS) obtained within 24 hr of injury. Sixty-seven (37%) had complicated-mild injury (GCS score of 13-15 and positive neuroimaging findings; Williams, Levin, & Eisenberg, 1990) , 16 (9%) had moderate injury (GCS score of 9 -12), and 99 (54%) had severe injury (GCS score of 8 or lower; Traumatic Brain Injury Model Systems National Data Center, 2006). Most injuries were caused by motor vehicle crashes (n ϭ 97, 53%), falls (n ϭ 50, 27%), gunshot wounds or other acts of violence (n ϭ 21, 12%), sports injuries (n ϭ 5, 3%), and other causes (n ϭ 8, 4%). Cause of injury was unknown for one participant (1%). Table 1 presents the demographic and clinical characteristics of the samples. Participants with stroke were older and closer to time-ofinjury than participants with TBI. The TBI sample contained more men than women, whereas gender was equally distributed in the stroke sample. The samples were racially and ethnically diverse with more African American participants in the stroke sample compared with the TBI sample. There were similar proportions of Hispanic participants in the two samples. Most participants reported having more than a high school level of education, and most were not working when assessed.
Instruments
Participants completed the cognition, emotion, sensory, and motor batteries of the NIH Toolbox and additional neuropsychological tests. Study participation required 2 days for most participants, and participants received a stipend of $90 per day. Some participants required additional days of testing, and received a stipend of $20 per day. Participants provided informed consent in accordance with the local Institutional Review Board. We described the methods and procedures previously .
NIH Toolbox of Neurological and Behavioral FunctioningCognition Battery (NIHTB-CB).
The NIHTB-CB is a brief (Ͻ30 min) set of cognitive tests for use with participants from 3-85 years (Gershon et al., 2010; Gershon, Wagster et al., 2013) . It assesses episodic memory Dikmen et al., 2014) , reading Gershon, Slotkin et al., 2013) , vocabulary Gershon, Slotkin et al., 2013) , processing speed , working memory (Tulsky et al., 2013; Tulsky et al., 2014) , mental set shifting, and cognitive inhibition (Zelazo et al., 2014; Zelazo et al., 2013) . Data collection was performed using the standardization versions of the NIHTB-CB that utilize computer administration with traditional computer hardware (e.g., two monitors, mouse input). Table 2 lists the domain-specific tests.
Traditional neuropsychological tests. We administered neuropsychological tests as criterion measures (see Table 2 ), selecting the same tests that were used in the validation of the NIHTB-CB in order to evaluate model invariance 
Data Integrity
We took several steps to ensure that data collectors followed standardized test administration protocols Tulsky & Heineman, 2017) . Following initial training on administration, each examiner practiced test administration for a minimum of five cases. Then, one author (Noelle E. Carlozzi) observed and certified them in a live testing session. We recertified examiners annually to ensure that examiners continued to administer tests in a standardized manner. Scoring of the NIHTB tests is done automatically by computer, and we monitored test scoring care- Note. TBI ϭ traumatic brain injury. a As defined by Williams et al. (1990) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
fully for the additional neuropsychological tests. Every year one author (Noelle E. Carlozzi) reviewed 10 deidentified test protocols from each examiner, rescored the protocol, and provided feedback about deviations from standard procedures. In cases where scoring did not achieve 95% agreement, we retrained the examiner and reviewed scoring for 10 additional cases.
Missing Data
Data were missing for 32.4% of the cases on at least one of the 17 cognitive measures; 3.8% of cases were missing four or more measures from the NIHTB-CB and 1.8% were missing six or more of the neuropsychological tests. We required data from at least four NIHTB-CB and five of the additional neuropsychological measures for inclusion in the CFA analysis. Using these criteria, 94.9% of cases were included in the analysis. Inclusion did not vary by the level of impairment within each injury type. We observed no differences regarding missing data related to age, years since injury, education, sex, race, or ethnicity. Individuals who were not employed or did not report employment status were excluded more often than those who were working, 2 (4) ϭ 37.61, p Ͻ .001. Full information maximum likelihood (FIML) estimation was used to accommodate the remaining missing data. In contrast to imputation-based procedures, FIML uses all available data during model estimation without imputing values. FIML generally provides comparable results to multiple imputation; together, these missing-at-random procedures are state-of-the-art for missing data management (Enders, 2010) .
Confirmatory Factor Analysis
Model development. Based on general population studies of adults and adolescents described above, we expected a five-factor model including: vocabulary, reading, episodic memory, working memory, and executive functioning/processing speed . rejected an alternative six-factor model because the correlation between processing speed and executive function exceeded 1.0 and information criteria suggested slightly better fit with the five-factor model .
For this study, we tested the goodness-of-fit and parsimony of several alternative models from a one-factor to a six-factor model that reported (see Table 3 ). We tested a six-factor model in which executive functioning and processing speed were two distinct factors, because processing speed has emerged as a distinct domain of functioning in factor analytic studies with other cognitive test batteries (Holdnack et al., 2011; Tulsky & Price, 2003) . However, there is a strong relationship between the NIHTB-CB measures of executive functioning and processing speed measures because the NIHTB-CB executive function tests (Flanker and Dimensional Change Card Sorting test) are timed. The criterion executive functioning measures (WCST, DKEFS) are not timed. After identifying the best model(s) in the combined brain injury sample, we repeated CFAs to determine if the models fit the TBI and stroke samples separately, as well as a sample of individuals with severe injury.
Goodness of fit. To determine the best measurement model, we compared the multiple models outlined in Table 3 . We compared the fit statistics for each model with the previous, less complex model in the sequence (e.g., a two-factor solution vs. the one-factor model; a three-factor solution vs. the two-factor solution). Modification indices were reviewed for possible crossloadings of NIHTB-CB tests that may improve goodness-of-fit. As in , we allowed the error terms for tests with similar methods to correlate-specifically, the error terms of (a) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
the criterion WAIS-IV Coding and WAIS-IV Symbol Search tests, and (b) the NIHTB-CB DCCS and Flanker tests. We evaluated these models using a variety of goodness-of-fit indices. Criteria based on the chi-square statistic (i.e., likelihood ratio chi-square statistic) have been used to evaluate model fit. However, the chi-square statistic is sensitive to large samples. Hence, we used alternative fit indices because they are less sensitive to large samples (Bollen, 1989; Bollen & Long, 1993; Byrne, 2001; Hu & Bentler, 1999; Marsh, Balla, & McDonald, 1988; Schumacker & Lomax, 2004; Tanaka, 1993; Thompson, 2000) . These alternatives include the comparative fit index (CFI; Bentler, 1990) , an index that compares the proposed model with a baseline model; the Tucker-Lewis fit index (TLI; Hu & Bentler, 1999; Tucker & Lewis, 1973) , a comparative fit index that adjusts the degrees of freedom in the model; the root mean square error of approximation (RMSEA; Browne & Cudeck, 1993; Hu & Bentler, 1999; J. H. Steiger, 1990) , which compensates for the effect of model complexity by dividing the F statistic by the degrees of freedom; and the standardized root-mean-square residual (SRMR) index, a standardized measure of the degree of reproduction of the covariance matrix from the model estimates. Finally, the Bayesian information criterion (BIC; Schwartz, 1978) helps evaluate the evidence from several models and favors parsimonious solutions (Raftery, 1993) . Excellent model fit is defined by CFI values of .95 or higher (Bentler, 1990; Hu & Bentler, 1999) , TLI values of .95 or higher (Hu & Bentler, 1999) , and SRMR and RMSEA values of .05 or lower (Hu & Bentler, 1999) . Good to adequate fit is defined by CFI and TLI values of .90 and RMSEA and SRMR values of .08 or lower (Browne & Cudeck, 1993; MacCallum, Browne, & Sugawara, 1996; J. Steiger, 2007) . Larger values indicate better fit for the CFI and TLI and smaller values for SRMR and RMSEA. Raftery suggested that a BIC difference of 10 or greater provides very strong evidence for model preference, while a BIC difference of 5-9 offers strong evidence (Raftery, 1993) . All models were estimated in the R package lavaan 0.5-22 (Rosseel, 2012) . Table 4 presents the results of the confirmatory factor analyses. The best fitting model in the general population sample  Model 5b: vocabulary, reading, episodic memory, working memory, and a combined executive function/processing speed factor) had good fit in this sample of individuals with TBI and stroke, 2 (107) ϭ 288.03, 2 /df ϭ 2.69, CFI ϭ .96, TLI ϭ .95, RMSEA ϭ .07, SRMR ϭ .04. According to the BIC, this model resulted in the second-lowest BIC value (660.92); the six-factor model-in which processing speed and executive function are split into two distinct factors-had the lowest BIC (660.86). Although technically superior in fit, the six-factor model resulted in a correlation between the processing speed factor and the executive factor of .98; thus, we regard Model 5b as the most reasonable representation of the data in this sample, which replicates the structure reported by . Figure 1 displays the factor correlations and standardized factor loadings for Model 5b. The factor correlations were high to very high with the exception of the correlations between reading and processing speed/executive function (.44), reading and episodic memory (.45), vocabulary and processing speed/executive function (.46), and vocabulary and episodic memory (.44). The highest correlations were between the episodic and working memory factors (.83), the episodic memory and processing speed/executive function factors (.85), and the working memory and processing speed/executive function factors (.87). The NIHTB measures had the strongest loading for reading (oral reading ϭ .96) and vocabulary (picture vocabulary ϭ .96) and the lowest for processing speed/executive function (DCCS ϭ .75). The error covariance between the two NIHTB-CB executive function measures (DCCS and Flanker) was positive and statistically significant (raw estimate ϭ .14, SE ϭ .06, p ϭ .02). Likewise, the error covariance between the two processing speed criterion measures (WAIS-IV Coding and WAIS-IV Symbol Search) was positive and significantly different from zero (raw estimate ϭ 20.96, SE ϭ 3.77, p Ͻ .01). Evidently, shared method variance emerged between these two pairs of tests as in . Modification indices revealed several cross-loadings and error covariances that would significantly improve model fit if estimated. However, the two highest values were associated with pathways that did not correspond to those identified by ; additionally, none of the modification indices were clear outlying values. Therefore, we did not estimate additional paths to improve the fit of Model 5b.
Results

Joint Factor Analysis
CFA Results by Injury Type and Severity
We conducted additional analyses to learn if the best fitting model in the total sample also fit the TBI and stroke subsamples. Severe injuries are more likely to be associated with global cognitive impairment, which may interfere with the ability to differentiate specific cognitive deficits. We therefore repeated the same procedures described for the total sample with these three subsamples.
TBI sample. The confirmatory factor analysis that included both the NIHTB-CB subtests and traditional tests showed acceptable fit in the TBI sample. Fit indices for Model 5b were: 2 (107) ϭ 224.72, 2 /df ϭ 2.10, CFI ϭ .94, TLI ϭ .93, RMSEA ϭ .08, SRMR ϭ .05. This model fit the data better than This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
all other models, including the 6-factor model, based on the BIC (549.75 vs. 568.83). The second-lowest BIC value was found in Model 4c (552.32). Model 4c mirrors Model 5b with the exception of the episodic and working memory factors, which we reduced to a single factor in Model 4c. The small difference between these models on all fit indices and the strong correlation between the episodic memory and working memory factors in Model 5b (.89) makes it difficult to conclude which structure provides a better fit. Stroke sample. Similar to the overall sample, the 6-factor model fit slightly better (BIC ϭ 535.99) compared with the fivefactor (Model 5b) model (BIC ϭ 536.34) in the stroke subsample. The correlation between the processing speed and executive function factors was close to 1 (.98), suggesting that Model 5b is a more parsimonious and plausible solution despite having the second-lowest BIC. Other fit indices for Model 5b were in acceptable ranges: 2 (107) ϭ 203.18, 2 /df ϭ 1.90, CFI ϭ .96, TLI ϭ .95, RMSEA ϭ .07, SRMR ϭ .05. Modification indices did not identify model improvements that would result from the estimation of additional cross-loadings or error covariances.
Injury severity. Model 5b also fit the data from the severe injury subsample adequately, 2 (107) ϭ 200.12, 2 /df ϭ 1.87, CFI ϭ .96, TLI ϭ .95, RMSEA ϭ .07, SRMR ϭ .04. Model 5b also had the lowest BIC value (526.92), followed by Model 6 (5.33.76) and Model 4b (542.54). Parameter estimates from Model 5b were comparable to those observed in the overall sample, and no modification indices suggested salient forms of model misspecification. Therefore, despite having greater levels of cognitive deficits following TBI or stroke, individuals with more severe injuries appear to adhere to the same five-factor structure underlying the combined set of NIHTB-CB and cognitive criterion measures.
Discussion
We evaluated the extent to which model of cognition in the general adult population fits individuals with brain injury due to stroke or TBI. We observed strong support for general population model in which executive functioning and processing speed tests load on a single factor. Because the DCCS and Flanker tests are scored based upon a combination of speed and accuracy, much of the variance of these executive functioning tests reflects performance speed. The fit to Model 5b (which suggests combining processing speed and executive functioning on a single factor) is supported by the data in this brain injury sample as well.
We also observed support for Model 6f (i.e., vocabulary, reading, episodic memory, working memory, executive functioning, and processing speed), which suggests that the executive functioning and processing speed tests split onto two distinct factors. Although most of the fit statistics (e.g., CFI, TLI, RMSEA, and BIC) improve with a six-factor solution, there is a high correlation between the executive functioning and processing speed factors; the magnitude of this correlation coefficient is too high to justify retaining executive functioning and processing speed as distinct factors. Because the NIHTB-CB executive functioning tests are scored based on accuracy and speed, the high correlation between these factors is expected. In fact, the emphasis of timed performance in the scores on Flanker Inhibitory Control and DCCS creates de facto processing speed tests. For this reason, we do not think the results support a six-factor solution where executive functioning and processing speed are distinct factors.
Picture vocabulary and oral reading tests, measures of crystallized cognition, load on separate factors in Model 5B. A fourfactor model with reading and vocabulary tests loading on a single factor of crystallized language demonstrated acceptable model fit; however, we obtained better model fit with these tests loading on separate but correlated factors of reading and vocabulary (Models 5b and 6f). The reading and vocabulary tests tap crystallized cognition that is less affected by brain injury than is fluid cognition (Akshoomoff et al., 2013; Heaton et al., 2014; Larrabee, Largen, & Levin, 1985) ; thus, it is not surprising that these tests correlate highly. The correlation of reading with vocabulary is a fairly modest 0.71, supporting our decision to retain distinct factors.
The NIHTB-CB does not include measures of visual-perceptual or visual-spatial processing. Thus, we cannot determine the degree to which spatial functioning may affect performance on tests such as PSM, which requires processing of visual-perceptual information and spatial sequencing. Motor tests were not included in this CFA either; the influence of motor skills on reaction time (RT) tasks cannot be evaluated. Further research is required to elucidate a fuller spectrum of cognitive and other skills that influence performance on the NIHTB-CB.
In summary, the factor structure of the NIHTB-CB in a sample of individuals with acquired brain injury is similar to the structure reported by in a general population sample. The results provide strong support for the construct validity of the This document is copyrighted by the American Psychological Association or one of its allied publishers.
NIHTB-CB for adults with acquired brain injury. The large and diverse clinical populations with brain injury are strengths of this study. Future studies of utilizing the NIHTB-CB in adults with brain injury will help marshal further evidence of construct validity and help advance use of these tests in research and practice.
